Abstract. The effects of a uniform external magnetic field on the thermomagnetic convection of magnetic fluid in a cylindrical enclosure are numerically studied. It was found that uniform magnetic field can be cause the convection in the non-uniformly heated magnetic fluid in a cylindrical enclosure even in the case of zero gravity. There are two threshold values of fluid magnetization and temperature gradient. Above the first threshold the convective flow is realized as circular flow, above the second one there are two cells in the enclosure. The angle between a magnetic field strength and a temperature gradient is found to be significant factor influencing structure of a convective flow and heat transfer control.
Introduction
Natural convection of magnetic fluids has attracted much research over the years [1 -6] . The additional body force μ 0 M∇H gives an opportunity to control the natural convection under magnetic field. This ponderomotive Kelvin force drives the stronger magnetized colder fluid to the regions with a stronger magnetic field. Such a motion is referred to as thermomagnetic convection. The thermomagnetic convection has a great potential for many engineering applications, such as electronic cooling devices, heat exchanger, and pure magnetic convection in space engineering.
In the case of uniform magnetic field the Kelvin force is equal to zero and magnetic field can not to effect convection. But there are two factors which even in the case of uniform external magnetic field give an opportunity to control the thermoconvection in an enclosure.
The first one has been founded by Finlayson [7] and studied in details in [4, 8] for infinite flat layers. It is shown that uniform transversal external magnetic field becomes nonuniform in the infinite layer of a heated magnetic fluid and influence a convection. Magnetogravitational convection in a vertical layer of magnetic fluid in an oblique magnetic field is studied in [9] .
The second factor is the geometry of a magnetic fluid-filled enclosure. Any finite enclosure such as square or cube has the corners and magnetic field becomes nonuniform near them because of boundary conditions for magnetic field. The effect of the external uniform magnetic field on the thermomagnetic convection in square and cubic enclosures was studied in [10 -13] .
It is interesting to exclude the factor of geometry and study the convection in the situation when the external magnetic field remains uniform in an enclosure. Such enclosure with finite dimension would be very convenient both for theoretical and experimental investigation.
It's well known that uniform external magnetic field remains to be uniform in the magnetic enclosures formed by the surfaces of the second order: the cylinder magnetized across the axes, ellipsoid or sphere. Experimental study of the thermomagnetic convection in the sphere is presented in [14] . We study the effect of the uniform external magnetic field on 2D-convection in the cylindrical enclosure in order to understand the results of [14] too.
Physical model
Cylindrical enclosure heated from below is one of the classical and the most considered configuration for the study of natural convection because of its relative simplicity and practical importance. Fig. 1 shows the schematic view of the physical model considered in this paper. The cylindrical enclosure with the radius R filled with magnetic fluid is surrounded with the solid massive with the radius R ∞ . The temperature at the external boundary is fixed as
so, the temperature gradient at the "infinity" is oriented vertically downwards and equal to
(2) If the thermal conductivity of the fluid and the solid massive are equal then T b is the temperature at the bottom point of the cylinder (x = 0, y = -R) and T t -at the top one, otherwise the temperature gradient for the regime of conductivity is constant and equal to [16] EPJ Web of Conferences 185, 09001 (2018) https://doi.org/10.1051/epjconf/201818509001 MISM 2017
The magnetic field is supposed to be uniform at the "infinity" R ∞ : � = � �� , �� �. If the magnetic permeability of the fluid is  and the solid massive is nonmagnetic than, in the isothermal case, the magnetic field in the cylinder is uniform and equal to [17 
where  is the permeability of vacuum. In our computations we use the properties of magnetic fluid from the experimental paper [14] :
Density, 1370 kg/m /s We assume, as in [14] , that the cylindrical enclosure is surrounded by Plexiglas massive with the properties: 
Here χ 0 is the initial magnetic susceptibility, the dimensionless value marked by "^", � = H/M S . In futher computations we used χ 0 = 2 which corresponds to real magnetic fluids. Taking into account equation (7), the equation (4) has an analytical solution: the magnetic field in the cylindrical enclosure filled with a magnetic fluid is related with the external uniform magnetic field by the equation
3 Governing equations
Momentum equation
The momentum equation including gravity buoyancy force and magnetizing force is as follows [3] �
The fluid is assumed to be an incompressible fluid div = 0.
(10) For the thermal convection with low temperature difference, the classical Boussinesq approximation that the thermophysical properties of the fluid are assumed to be constant except for the density and the magnetization difference for buoyancy force is used.
There are two reasons for dependence of a fluid magnetization on the temperature: change of the particles magnetic moment and thermal expansion of the fluid [4] . As the Curie temperature for the particles of magnetite is 858 K, around a reference state T 0 change of the magnetic moment is negligible and, if magnetic field is not very small, only thermal expansion is the reason of magnetization change. Then we can write [4] 
where M 0 is determined with Eq. (7), � is the coefficient of thermal expansion of solid particles, and 
Thus, the equation of state finally can be written as 
We will use a stream function ψ and a vortex ω as follows:
After an operation curl applied to Eq. (15) and taking into account that ∇×H = 0, the momentum equation becomes
Energy equation
This equation has a standard form:
Magnetic field
A magnetic field both in the enclosure and in the external space is described with Maxwell's equations for nonconducting fluids ∇ × = 0, ∇ • = 0, = � ( + ) As for the magnetic fluids with magnetite particles the vectors of magnetic field strength and magnetization are parallel for flow velocities typical for convection, i.e. M = χ(H,T)H, then, using (7), (11) and (12), we get
As ∇×H = 0 the magnetic field strength can be expressed as the gradient of a scalar potential F = ∇ (18) and finally the magnetic field is described with the nonlinear equation
Boundary conditions
On the walls of the enclosure, no-slip conditions for the velocity are applied: the stream function is equal to zero on the walls of the enclosure; the vortex is calculated from the Eq. (15 taking into account the curvature of the walls. The temperature at the "infinity" R ∞ is determined by means of the Eq. (1) and the conditions of continuity must be fulfilled at the boundary of the enclosure (23) where is the unit vector normal to the boundary and is the unit vector tangential to the boundary.
Dimensionless form of the equations
We use as the scales:
The system of equations can be written in dimensionless form as follows:
∇ where the coefficients A, B, C are calculated from the function values in the nodes of the triangle elements, a local coordinate system X, Y is oriented at each element so that the axis X directed along the local velocity �� in this element. The vortex at the solid boundary of the enclosure is calculated with taking into account the curvature of the boundary according to the method supposed in [19] .
Results and Discussion
The Rayleigh number is only one governing parameter in the case of the thermo-gravitational convection. In our case there are three independent dimensionless parameters: the numbers Ra and Ra m and the parameter �� Δ . The last one specifies the magnetic field gradient in the enclosure through the equations (20) and (24).
In order to exclude the influence of the gravity and to highlight the influence of the uniform external magnetic field on the thermal convection in the pure state we put the Rayleigh number equal to zero (Ra = 0) in this study. As both parameters Ra m and �� Δ depend on the temperature difference T, we use in the study T and the magnetization M 0 as the independent physical parameters. All the further computations are fulfilled for the fluid with properties presented above and corresponding to the magnetic fluid used in the experiments [14] . The dimensionless radius of the external boundary of the calculation domain is � = 11, the radius of the enclosure, as in the [14] , is 8 mm.
The heat flux across the boundary of the cylinder can be characterized by the Nusselt number which was calculated as
where Nu 0 is the Nusselt number in the case of conductivity regime, � and � are the angles for which / = 0. This integral was calculated both from � to � and from � to � . The difference between the results was less than 0.01%.
To validate the quality of the numerical results, the problem of convective stability in the field of gravity in a cylindrical enclosure without magnetic field (Ra m = 0) is tested and results are compared with the linear theory solution [16] . Table 1 shows the studied grid systems: Number of elements 18000 32160 50400 72720 99120 Table 2 illustrates the mesh independency analysis. The grid No 4 is used in all computations presented below.
For the case of zero gravity (Ra = 0, Ram ≠ 0) it was found that there are two types of convective flow structures in a cylindrical enclosure (Fig. 2) . In contrast to the thermo-gravitational convection, for which the only one structure (a single cell) can be realized, two structures (single cell and two cells) are possible for the thermomagnetic convection in the case of zero gravity.
To check the dependence on the Prandtl number, the problem for the maximum value of the parameters (Ra = 0, Ra m = 2383686, H ∞ = 20M S , T = 120 K) is solved. Table 3 shows that the results are the Prandtl number almost independent. The value Pr = 709 and  i / e = 0.833 corresponding to the above-stated properties of the magnetic fluid are used in all computations. The distribution of the temperature and magnetic field potential in the calculation domain equal to the external boundary conditions and ψ = 0, ω = 0 are used as initial conditions.
There is no convection for small values of T and H ∞ (remember Ra = 0). Above some critical values of the fluid magnetization and the temperature difference the circulation flow arises (Fig. 2a). Fig. 3 0.5 where T* is the critical value of the temperature difference. The same character of dependence we can see for the Nusselt number (Fig. 4) .
As in the case of thermo-gravitational convection, the circulation flow takes the form of an oval with the increasing of T and the inclination of the major axis of the oval increases too (Figs. 2b, 2c) . The direction of rotation in the case of parallelism of the magnetic field and the temperature gradient is arbitrary and it's possible both clockwise, and counter-clockwise.
The investigations of a linear stability of the basic state in the case of thermo-gravitational convection show [16] that the onset of the convection is possible in one of the four different perturbations: circular flow, two cells oriented vertically and horizontally, and four cells. However, numerous experimental studies and computer simulations found that only one cell flow can be realized. Fig. 2d shows that for sufficient value of the magnetization and the temperature difference two cells flow can be realized for thermo-magnetic convection. Above this second threshold the Nusselt number significantly decreases in comparison with one cell, but the rate of the Nusselt number increasing with the T growth is much more (Fig. 4) . Fig. 4 shows that, for the given set of the parameters, the convective flow can be realized as two cells if the initial condition is ψ = 0, ω = 0 and T > 56 K. But if the initial condition is the one sell solution for T < 56 K then the convective flow is one cell for T > 56 K too. The corresponding values of the Nusselt numbers are shown with the marker □. It depends on the way of the fluid heating in the enclosure what structure can be realized in the experiment. The circular flow, formed at the small temperature differences, is stable in all range of temperatures if the heating is slow. In the case of quick heating (it corresponds to initial conditions is ψ = 0, ω = 0 and the Prandtl number Pr = 709) two cell flow is formed for sufficiently high temperature difference. This critical T depends on the fluid magnetization. Fig. 5 shows two neutral curves which divide the space of M -T on three zones: zone of stable state without convection, zone of the convection with one cell flow and zone of the two cell flow convection. The connection between the magnetization M 0 in Fig. 5 and the external magnetic field H ∞ is given by the equations (7), (8) . (7) and (8).
Till now the magnetic field parallel to the temperature gradient is studied. As the magnetization gradient is formed by the temperature gradient, they are parallel always and, it seems, the direction of the magnetic field vector has not to influence the convective flow. But after the onset of the convection the convective flow distorts the temperature field and, as consequence, distorts the magnetic field too. As a result, the verticality deviation of the magnetic field leads to very complicated interaction with the field of the temperature and can influence the convective flow.
The numerical simulation shows that the maximum absolute value of the stream function for T = 50 K (only one cell flow exists for this temperature difference) increases with the increasing of the angle of vertically deviation up to ±30 o and then decreases (Fig. 6a) . The dependence of the Nusselt number on the angle of vertically deviation has a similar character (Fig. 6b) . The variation of the stream function ψ and the Nusselt number Nu not very large (less than 2%) in this case but it exists. Thus, we can confirm the influence of the uniform magnetic field direction on the convective flow.
For T = 100 K and  = 0 the convective flow has a structure of two cells. In this case the influence of the external magnetic field inclination is more significant (Fig. 7a, b) . The flow almost isn't changed in the range of the angles -28 o ≤ ≤ 31 o : the maximum stream function varies between 6.79 and 6.64, i.e. within the range of 2%; the Nusselt number varies even less than ψ : in the range of 1.596 -1.598. It should be mentioned that if the angle of the field inclination increases in positive direction then the intensity of the flow in the right cell increases and in the left cell decreases. In the 
Conclusions
The buoyancy-induced thermal convection under external uniform magnetic field is numerically studied in a cylindrical enclosure. The effect of temperature, magnetization, direction of magnetic field and temperature gradient on thermomagnetic convection inside the enclosure is discussed in details. The main important conclusions can be summarized as follows: 1. Convection in a non-uniformly heated cylindrical enclosure can be induced by the external uniform magnetic field even in the case of zero gravity. 
